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Abstract

Studies of the spontaneous transition of a parallel-

plate accelerator from a transient "sweeping" mode to a quasi-
steady "blowing"” mode have been extended to sufficiently long .

pulse times that the influence of externallv injected mass
flow can be clearly discerned. By Kerr-cell photography of

--%he downstream flow over a wedge, and by terminal voltage

signatures, it is possible to distinguish situations of ade-

quate mass flow injection, of mass~"starvation," and of mass
overload of a given quasi-steady discharge configuration. A
shock tube gas injection system for a high-power magneto-
plasmadynamic arc simulator has been devised which can pro-
vide mass flows up to 50 gm/sec of argon for three milli~
seconds, with a rise time of one millisecond. Optimization
of the efficiency of energy transfer from a capacitor line to
a gas-sweeping current sheet has been achieved in terms of the
ratio of the line impedance to the dynamical impedance of the
pPropagating discharge, and in terms of the ratio of driving
pulse length to a characteristic time of the gas-sweeping
process. Correlation has been found between the resistive
voltage drop across a propagating sheet discharge and the
size of the anode surface available for attachment of that
sheet, an effect which appears related to the development of
a diffuse "anode foot" at the anode terminus of the current
sheet. The influence of gasdynamic interferences on high-
speed pressure transducers and on electric probes has been

found significant enough to distort the interpretation of cur-

rent sheet structure made with such devices unless special
precautions are taken. The feasibility of gas laser inter-
ferometzic determination of electron density profiles through
propagating current sheets has been established in a cali-
bration experiment, encouraging application of this tech-
nique to the parallel-plate and quasi-steady MPD accelerators.
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“ I. INTRODUCTION

_ The flavor of this semi-annpal report differs some-
what from its tYpical predecessofs;_for two reasons. -?irst,

 the educational aspects of the program are in an unusual
" phase where no less than four of our eight jyraduate students

are just completing their Ph.D. theses.- impressive as.this -
constellation may be from an academic standpoint, it raises
problems of reporting significant eléments of their work
here, without preempting their thesis publications, all of
which will be issued within the next reporting period. For
this reason, the studies involved are presented rather con-
cisely, with an eye to the more detailed accounts to follow.
Second, several of the laboratory efforts, for dif;
ferent reasocns, have recently taken on a strong gasdynamic
flavor, and this report reflects more pure gasdynamic re-
search than one might normally expect from a basically piasma=
dynamic and electrodynamic program. Gasdynamic questions of
proper mass flow supply have arisen in both the parallel-plate

accelerator work (Sec. 1I), and in the MPD simulator (Sec. III);J
~ questions of gasdynamic interference and bouncary iayer effec;s'

have been resolved in connection with the transient pressure
measurements in closed chamber discharges {Sec. VI); and the

‘influence of stagnation point gasdynamics on electric probe

response has been clearly demonstrated (Sec. IX). 1In a sense,

_ these simultaneous excursions into several gasdynamic studies

may have a salutory effect on the entire laboratory-prog;am,
for in retrospect, gésdynamic aspects have received consider-
ably less attention here, as in other laboratories, than the
somewhat more dramatic plasmadynamic phenomena. Yet it is
clear that an equivalent sophistication in handling gadenamic
processes must precede effective implementafion of any plasma

thruster c.acept, and the background and traiping of our’
particular group should be apprcpriate to this aspect of the

task.
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II. TRANSITION FROM UNSTEADY TO STEADY PLASMA ACCEL~
"ERATION IN A PAPALLEL-PLATE CHANNEL (Eckbreth)

The process of stabilizati&n of a propagating cur-
rent sheet into a quasi-steady, plasma-"blowing" configura-
tion has been described in some detail in the past several
renocts [47,48,51)]. The most recent of these discussed the
necessity of extending the test time in this experiment in-
to the 100 psec range if the complete gas flow pattern
through the accelerator was to achieve a reasonably quasi-
steady situation. To provide the driving current pulses of
this duration, new inductois have been fabricated for the
capacitor line. These consist of 14 turns of #8 TW wire
wound on 7" lengths of 4" dia. plastic sewer pipe. Bench
tests indicate that these coils each have an inductance of
12.8 p henries. From these inductors and the same capacitors
used previously, a set of four LC ladders have been assembled,
such that when connected in series a nominal 5,000 amp x 500
psec pulse is provided. Parallel connection yields a 20,000
amp x 125 psec nominal pulse, and series-parallel alignment
provides a 10,000 amp x 250 psec pulse. When actually driv-
ing the parallel-plate accelerator, these lines deliver cur-
rent pulses approximately 20 percent lower in amplitude and
20 percent longer in duration than their nominal values, but
we shall use the design values when referring to a particular
pulse. Typical signatures of the 10,000 amp x 250 psec cur-
rent pulse (hereafter denoted 10/250, etc.), and its time
derivative are shown in Fig. 1. The rise time on the current
pulse is approximately 20 psec which is less than 10 percent
of the pulse duration. The other pulses, 20/125 and 5/500,
are gqualitatively similar to that shown. )

Before performing any detailed interior diagnostics
on the long current pulses, voltage measurements were taken

to see if any difference could be found between cases where

the chamber was prefilled to an ambient pressure of 100 p
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argon and those where the shock tube injection was used to
bring the pressui-= in the breakdown gap abruptly to 100 p
from an initial hard vacuum.‘ In order to enhance any pos-
sible mass starvation effects, some data were taken with the
length of the metal electrode portion of the channel reduced
to 2", in contrast to the normal 5-1/4" length. The voltage
was monitored at the downstream end of the parallel-plate
accelerator, where there are only two possible contributions
to the total voltage, a resistive drop VR representing the
finite conductivity of the plasma, and a back emf component
VuB derived from plasma Zlow through the stabilized current
distribution. Both of these components should respond in
the same way to mas:s starvation of the discharge. 1In this
pressure range the iresistance of the discharge tends to de-
craase with increased gas pressure, and hence will increase
if mass flow is depleted. The VuB contributiondthild vary
inversely with mass flow rate, since the fixed j x B body
force is applied per unii volume. As longer and longer cur-
rent pulses of correspondingly lower amplitudes are erployed,
VuB tends to become small compared to VR which typically is
on the order of 50 to 100 volts for this range of operation.
Figure 2 displays a plot of VhB vs. current data for the
case of 5-1/4" electrodes and 100 p prefilling. Note that
in the range of 1,000 to 10,000 amps the VhB term can be ex-
pected to be less than 20 volts sc that ‘any differences in
voltage signature between shock tube gas injection cases and
ambient prefill cases will most likely be due to changes in
VR’ This effect is shown in Fig. 3 where “he total voltage,
which is nearly equal to the resistive drop, is plotted
against ambient prefill pressure.

In Fig., 4 voltage measurements are presented for the
permanently insulated electrodes, 5-1/4" metal electrode por-
tion, comparing 100 p ambient prefill with shock tube injec-
tion which simulates 100 u initially. These are presented
for the 20/125 and 10/250 pulses. In Fig. 5 voltage measure-
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ments- are presented for a 2" metal electrode length com-

paring ambient and shock tube injection for the three pulses

'20/125, 10/250, and 5/500. Note that for the 207125 pulse, -
for both the 2" and 5- 1/4" metal electrode léngth. cases,

- vo;tage signatures for the shock ‘tube and ambient cases are
nearly identical.” Presumably the shock tube is properly
simulating 100 p initially, but does not change the mass
flow situation appreciably for the balance of the pulse
length. However, for both electrode lengths in the '10/250
case, a difference arises between the shock tube and ambient

" cases in the voltage level toward the end of the pulse. The
effect is most noticeable in the 2" electrode length case
for the 5/500 pulse where, near the end of the pulse, the
shock tube voltage is nearly 40 .percent lower than the am-
bient value. In fact, the shape of the entire signature is
markedly Jdifferent for the long pdlses. The shock tube sig-
natures decrease with time, probably due to increased pres-
sure in the arc region because of the mass flow supply,

whereas the ambient signals increase with time, presumably
due to a mass starvation of the arc. Thus, based on the
voltage data, it appears that fresh ges can be supplied to
the arc from the present shock ﬁube injection system if the

pulse length exceeds some 200 usec.

One possible difficulty with the long pulses inr the
parallei-p’at2 accelerator may be the lack of uniformity of
the discharge. Fringing magnetic fields which exist because
of the finite width of the accelerator may severely constrict
the sheet discherge irto an arc column when the current is’
maintained for very long periods of time. Such a constric-.
tion'clearly would impair the operation of this device as

an effective gas ‘accelerator. To check on this possibility, .

-the uniformity of the discharge has been studied in three
ways: (a) Kerr-cell photography,_(b)-magnetlc_probing,"end
(c) observation of electrode pitting.

In order to perform ‘Kerr-cell photography on the low
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amplitude current pulses, it is necessary to replace the
usual 50 nanosecond shutter with a new 5 psec pulse;forming
network to achieve sufficient film illumination. Figure 6
shows typical perspective photograbhs obtained with this
shutter for the 10/250 discharge between 2" length electrodes
with shock tube injection. 'Although some localization of
discharge luminosity can be discerned, it appears that the
entire electrode width contributes to the discharge pattern.

The discharge uniformity was also studied with mag-
netic probes. A simple probe carriage was constructed so
that three magnetic probes could be positioned in the mid-
plane of the discharge at different distances from the side-
walls., The magnetic field data were thea reduced to contours
of enclosed current in the horizontal midplane. In the par-
ticular survey to be displayed, all the data were taken on
one side of the centerline of the device under a presumption
of symmetry. The probes were all identical and equal cali-
brations were assumed for the probes. A rough calibration
equating peak magnetic field with total discharge current
was made, and a single integrator was used. Typical results
&sre shown in Figs. 7a,b,c. From such data it is found that
the discharge breaks down over the entire electrode surface
and redistributes itself as a wave of current whose density
is highest near the back insulator and along the midplane.
The wave of current propagates downstream and also bows down-
stream slightly. The contours are smooth and indicate a
distribution of current aver the central region of the chan-
nel unlike a constricted arc column. Actually, the results
are probably a bit pessimistic in their lack of one-dimen-
sionality. The presence of three probes on one side of the
channel clearly perturbs the current distribution as evi-
denced by electrode pitting arnd insulator deposition. Pre-
sumably the low current density at the insulator walls may
be attributed to plasma cooling by the walls. The evidence
of diffuse discharge initiation over the entire alectrode
surface is contrary to our experience with high current pulses

e s e ——————— 4 o
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: where discrete current sheets arise near the m1n1mum 1nduc-

tance conflgu;at1on. The difference is probably attrlbutable
to the relatively long .rise tlme of the long.pulse, which

. predicates’a skin effect _comparable with'the chamber dimensions.

] Observatlons of electrode plttlng and depos1tlon on
the 1nsu1atlon adjacent to the electrode also support the

*_above plcture. Electrode plttlng is most severe in the cen-

tral reglon of the channel and falls off nearer the walls as

do burn marks on the insulation, but 1n no case 1s a dlscrete

“arc column or spoke indicated.

To ascertain whether the "fresh""gas which, based on
the voltage measurements, appears to be feeding the dischérge
is accelerated by the current zone, a small 15° half-angle
we lge was placed 2-1/4" downstream of the metal-to-insulation
junction in the hope that luminous bow shocks could be ob-
served. No results wer-e obtained for the 5/500 pulse where
the voltage decrements were the most striking, presumably he-
cause the luminosity is too weak to be photographed with our
present equipment. For the 10/250 case some luminosity was
observed in the flow field, but well-defined bow shocks were
found at only one combination of orifice cizes to the switch
and accelerator chamber, namely a 1/2":1/4" arrangement which
provides the maximum mass flow possible with the existing
equipment. With other orifice combinatione, yielding less
mass flow; no shocks were seen. Even in the one visible case,
_shown'in Fig. 8a, the‘shocks are quite diffuse and suggest

7_that_the flow is rarefied. However, the shock angles are

nearly those observed with the high current pulses,_e.g.;

" 120/20 or 60/40. The shocks can also be fodnd'in the fiow

further downstream (Fig. 8b), although a much faster lens;

'With'leés_debth of field is needed for this purpose.

Although no shocks are visible for lower mass flow

. orifice combinations, an interesting new effect is seen in

the form of an intensification of. the lumihous jets extending
downstream of the electrode edges as the mass flow decreases.
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- For ‘example, Fig. 9 shows a sequence of phdtpgraﬁhs with a -
1/2" switch orifice:1/8". chamber orifice; and also with a -
'u1/2":l/16"'COmbihatidn,'which'when compared with each othér,
" and with the 1/2":1/4" sequence of Fig. 8, illustrate this |
_electrode jet.effect clearly. One may speculate thét these
- jets consist of electrode material wvaporizad by the arc in
lieu of an adequate external mass supply.. Spectroscopic
studies are currently in progress to verify or deny this

hypothesis.

Figure 10 shows a similar sequence of photographs
taken with a higher current, shorter time driving pulse,
20/125, and tha 1/2":1/8% orifice combination. Here one
sees faint initiation shocks cn the wedge at 40 and 60 psec,
but no shocks thereafter. Presumably the initiation burst
is just dense enough for the faint wave structure to be vis-~
ible, but the mass flow rate at later times is too low anrd
rarefied for the shocks to be noticeable.

The shock tube system has just recently been modi-
fied in several ways to achieve much higher rass flows into
the accelerator. On the basis of preliminary experiments
with these systems, it appears possible to pass through a
condition of adequate mass flow, to a condition of mass over-
load of the given discharge pattern. Specifically, as mass :
flow is'increased, the bow shocks on the downstream airfoil’

~are first observed to intensify in luminosity; and then to
weaken and eventually to disappear entireiy. By such studies,
it - is hoped that an optimum quasi-steady operating condition
‘can be located, at which condition detailed interior diag-
nostics will be performed in an attempt to learn more gbodt

'the_aéceieration processes in the discharge.
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III. MPD ARC SIMULATION (Clark)

The most recent reboﬁts'[48;51] have:discusséd.the
1_modification of the: eiectrode geometry and gas injeétion
system of the previous.pinchforifice'configuratidn in order
to produce a plasma accelerator capable of sihulating.a '
steady-state magnetoplasmadynamic“arcjet_on a gquasi-steady
basis. The resulting ability to.perforh exhaust plume diag-
nostics at power levels inaccessible to steady-state experi-
ments and at back pressures duplicating a space environment
enables careful examination of the gas acceleration mechanisms,
current conduction patterns, and electrode phenomena of high
pcwer density, self-field arcs. In addition, the ability to
operate a pulsed plasma thruster in a stabiliz2d mode for
times considerably longer than the initial "sﬁowplowing“
phase bears on the probler of determining the optimum pulse
length for combining the advantagss of high power plasma
acceleration with modest average power consumption.

S As has been pointed out previously, proper quasi-

' steady operation must include stabilization of the mass flow
pattern to a steady level in an operating range appropriate
to the self-field thrust level, as well as stabilization of
the current pattern and electrode processes to regular, effec-
tive situations. The latter were rather easily achieved; the

-'gasdynamic'stabilization has proven more difficult, and the

.-pre:eding report dealt almost entirely with this aspect of '
the problem. In brief, a shock tube injectiop system was
described in which a shock wave reflected off the end wall of

‘ - thé.shock tube, generating a high pressure reservoir of gas

- S . which drove mass into the electrode region. This constan*-

_ . pressure feservoir lasted for a time sufficiently iong to

- . . enable a steady pressure diétribution to be established in

' the electrode region and for the fiﬁttop current pulse to be

_completed. Argon was bled into the driveh section of the

oy i =
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shock tube before diaphragm rupture at a sufficient rate to.
maintain that pressure in the continuum range {2 1 mm Hg),
while the leakage of the flow through the injection ports in-
to the arc chamber was kept tolerable. The shock wave result-—
ing from rupturing the diaphragm was thus well defined and
acted like a valve with an opening time of less than 2 psec.
Details of the shock tube—arc chamber ihterface are repeated
in Fig. 1ll. The injection ports and shock tube operating con-
ditions were adjusted so that the capacitor bank self-trig-
gered when the pressure in the electrode region reached its

plateau value.

The calibration of such a mass injection system was
performed within a framework of characteristic times which,
since they wilil be referred to later, are again defined in
Fig. 12. Note that one additional time, Tb , the time from
mass flow iritiation until current initiation, has been in-
cluded. The other characteristic times for the gasdynamic
system as defined earlier are:

7k = the time required for the mass flow rate
to reach its steady value

7., = the interval over which the mass flow rate
is constant '

7. = the time required for a steady pressure to be
reached in the arc chamber after the mass flow

rate has become constant

in terms of which the principle requirements of the gas in-
jection system can be stated:

7q < 7y so that during 7z the pressure distribution in
the vacuum tank does not increase enough to com-
promise the space environment requirement

(T 7) > 7, (where 7, = the duration of the flattop current
pulse), i.e., the current pulse should only occur
after a steady arc chamber pressure has been
reached and before the mass flow rate departs

from its cornstant value.
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Using the experimehtal arrangement just described,
magnetic field measurements and voltage signatures were re-
corded for currents covering the range from 4,000 to 120,000
amps using aluminum, molybdenum, and tungsten cathodes. In
addition, Kerr-cell photographs were taken from a perspective
-angle for the 120,000 amp x 20 psec amp pulse. These photo-
graphs, samples of which appear in Fig. 13, show rapid develop-
ment of the exhaust plume into an azimuthally symmetric pat-
tern distinctly confined near the cathode tip by the strong
self-magnetic field. These data were acquired for a mass flow
rate of about 0.05 gm/sec and a local pressure in the elec-
trode chamber of about 25 p at the time of breakdown.

However, the above data must be considered prelimi-
nary for the following two reasons. First, the delay time,
75 , between the start of the shocked gas flow into the arc

chamber and the onset of the self-triggered current pulse was
'irreproducibi; for all values of initial driven section pres-
sure tried. This irreproducibility was of the order of * l‘
msec whereas the tolerable error dictated by the known values
of 7;, 7;, and 7; is * 0.1 msec. Since the gas injection
characteristics have been shown to be reproducible (as shown
in Fig. 14 which is a triple overlay of the reservoir pres-~
sure time variation at the end of the shock tube), such a
large variation of self-triggered breakdown time strongly
suggests that the breakdown characteristic may be changing
on a shot-to-shot basis. This may, in turn, be due to the
intense heating and observed local melting of the cathode
which causes small changes in surface texture and shape,
thereby altering the breakdown preésure for the macroscopic
electrode geometry. Evidence that the breakdown mechanism
itself may vary from shot—~to-shot is the observed tendency
for the breakdown occasionally to begin with a gldw discharge
for a second or more before making the transition to a low-~
voltage, high~current sheet. This may.also imply that the
current initiation location, which magnetic probes have shown
to be at the rear of the cathode cone for this configuration,
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is too close to the final current conduction region so that
the severe arc heating may cause changes in the particular
microstructural properties of the electrode surfaces which

affect the breakdown process.

The second reason that the initial electrodynamic
results must be considered preliminary is the inadequacy of
the mass flow rate. The analysis in the previous report
showed that mass flow rates from 0.002 to 0.040 gm/sec can
be delivered to the arc chamber by the shock tube reservoir
during its constant pressure phase behind the reflected shock.
However, the required mass flow rate for propulsion purposes
must conform to the thrusting capability of thaz self-field
pattern for the desired specific aimpulse. For a purely self-
magnetic thruster with a uniform cathode current distribution,
the electromagnetic thrust generated has been shown to be [53]

: 2
. ’J.J r
= c——— 3 l
F = an [In ('I—Z) + 2 (3-1)

where p = 4@ X 1077 (mks)
J total current
r, = effective anode radius of attachment
r, = effective cacthode radius of attachment

Since this thrust must be equal to the momentum increase of
the working fluid, the appropriate mass flow rate can then

be found for any specified exhaust velocity or specific im-
pulse. Such a set of calculations is shown in Fig. 15 for

the ancde-to~cathode radius ratio of 30 indicated by our cur-
rent density maps. It should be noted that for a current of
4,000 amps, the lowest value readily available from the capac-
itor bank at present, and for a speéific impulse of 2,000 sec
with argon, a mass flow rate of 0.35 gm/sec is dictated with
higher currents requiring even higher values. Thus, for the
120,000 amp pulse used in the early experiments, the discharge
was probably starved for mass which may have contributed to
the electrode material erosion.
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In order for the appropriate mass flow rate to be

delivered by the reservoir of gas behind the reflected shock,

large initial pressures are required in the shock tube driven
section, and the diameter of the injection holes must be sub-

- stantiallyv .ncreased. However, attempted operation in this

regime would result in a greatly increased leakage througn
the injection ports and corresponding increase in the back
pressure in the exhaust tank to the point where any attempt
to duplicate a space environment in the exhaust plume region

would be negated.

This problem of insufficient mass flow rate has been
resolved by operating the shock tube in an entirely different
domain than described above. This new approach allows abrupt
injection of large mass flow rates into the arc chamber,
raising its pressure to a level where a separate gas-triggered
sw:.tch is needed to delay the chamber breakdown time urtil a
steady injection rate has been reached. Since the use of such
a gas switch is a familiar and reproducible operation in the
laboratorv, the other problem of irreproducible delay time
»etween gas injection and self-triggering of the capacitor
bank is also resolved by the new configuration described below.

In Fig. 14, which shows the typical early time piezo-
crystal response at the end of the shock tube, the magnitude
of the pressure plateau is 20 — 40 mm Hg, depending on the
initial pressure in the driven section. .By putting a large
resistor in series with the pressure sensing circuit, the
effective time constant can be increased so that accurate
pressure readings can be obtained for times of the order of
tens of milliseconds. Figure l6a shows such a long time
piezocrystal response for an initial pressure in the driven
saection of 1 mm Hg. Note that the total time depicted in
Fig. 14 is now compressed to 2 mm (one small division) on
this photograph and that the pressure level after 10 msec is
nearly ~onstant and at least an order of magnitude greater
than the earlier plateau shown in Fig. 14. This trace is
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" not unexpected since, for large pressure rarios across the
,diaphregm,,the initial rarefaction {which propegates down-
stream as well as upstream) and the reflected rarefectioh off
the driver end wall dominate the pressure hlstory unt11 the
reflected 'shock wave again returns to the drlven ‘section end
wall. Thus it is reasonable to expect that even for very low .-
pressures in the driven section (where the mean free path
exceeds tube dimensions), the 1eng time profile should appezar
" the same. This is shovm to be the case for Py = 10 p in

Fig. 16b which in comparison with Fig. 16a is only slightly
different for the first millisecond. Thus, by setting very
low initial pressures in the driven section, the injection
holes may be opened up, with negligible leakage flow to the
chamber, but a much higher pressure reservoir of gas even-

.tually obtalns.

- It should be noticed in Fig. 16 that the time required
to effectively reach the new plateau is approximately 10 msec.
EBarlier neutral density measurements with a fast ionization
.gauge [48) have shown that a steep pressure profile of gas
injected-into the electrode region propagates outward into
the large environmental tank at roughly 1 inch per 100 upsec.
Hence, for the present exhaust vessel whose radius is 18",
it is a requirement that the arc chamber pressure be stabi-
lized and the current discharge initiated by about 2 msec in
_ order that there be no communication between the discharge

- and the tank. ' '

_ ance the onset of the pressure plateau is due to
the ‘reflected rarefaction arriving at the. downstream end of
the shock tube, shortening the driven and driver sections T
should reduce the time before the plateau is reached. Fig- '
ure - 17 shows the effects of such changes. - In Fig. 17a, the'
piezocrystal response for the initial shock tube configura--
tion is shown (driven sectxon length=z¢ = 7.5°', driver sec-
tion lcngth 2L = 2,0, and initial driven section pres-
sure fpl < 1o_p)._ Note that this ia_just Fig. 16b seen on
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an expanded time scale. Figure 17b shows the effect of
shortening the driven section from 7.5' to 2.5' while re-
taining the original driver section. The rise time to a

"pressure plateau has decreased from 10 msec down to 4 msec

while'decreasing the plateau level by approximately S50 per-
cent. On the same time and voltage scales, Fig. l17c shows
the effect of retaining the 2.5' shortened driven section
while decreasing the driver section length from 2.5' to G.5'.
As expected, the rise time to a plateau has been further re-
duced accompanied by an additional plateau magnitude reduc-
tion. Figure 18 shows this last trace on aﬁplified voltage
and time scales and in a negative direction. It is apparent
that the reflected rarefaction arrives after approximately

1 msec with the plateau then being constant to within 10 per-
cent for at least an additional 3 msec. Since rrevious ion-
ization gauge studies [51] have shown that the time constant
for the arc chamber to reach a steady pressure for a nearly
step input of mass flow rate is about 200 upsec, then the.
proper function of the gas-triggered discharge switch is to
delay the discharge initiation until approximately 1.3 - 1,5
msec after the measurable pressure buildup begins at the end
of the shock tube.

The calibrated piezocrystal yields the pressure level
of the plateau which, when combined with the appropriate dis-~
charge coefficient and reservoir temperature, gives the mass
flow rate into the arc chamber for a given injector hole size,

For the reasons given above, 200 psec after this plateau level

has been reached, this calculated value will also be the mass
flow rate out of the chamber into the environmental tank.
Pigure 19 shows the achievable mass flow rates for various
injector sizes with pressure in the driver section as a pa-
rameter. Comparing this with Fig. 15, it is evident that
from gasdynamjic considerations, the present system is capaﬂe
of MPD ‘simulation for the current range from 60,000 amp down
to less than 1,060 amp, i.e., the complete range down to the
steady state MPD arc domain. At present, this mass injection
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system provides steady flow rates for times considerably
longer than the longest current pulse available with the
capacitor bank and the present supply of inductors. As
such, it will provide the basis for extension of the simu-
lation program to longer pulses and fof tha investigation
and evaluation of the long pulse mode of operation as an-
optimum pulsed plasma thruster ﬁechnique.

The changes in the mass injection system can hest be
summarized in a table comparing the various characteristics

of the 0ld and new configurations:

OLD NEW
T 2 psec 1 msec
7& 0.3 — 1.0 msec 3 msec
7x 0.2 msec 0.2 msec
75 irreproducible controlled by switch
Back pressure 1—5(10_3) mm Hg 10—5 mm Hg
.} 0.002 — 0.040 gm/sec 0.1 — 50 3a/sec

Thus, it appears that increased mass flow rate, longer con-
stant pressure reservoir time, and decreased back pressure
without reproducibility problems have been gained at the ex-
pense of a longer but tolerable mass flow rise time in going
from the self-triggered mode to the externally triggered mecde.

The gas-triggered discharge switch necessary to make
the :transition has been designed and constructed and is now
being installed. Briefly, it is a 2" high by 5" diameter
cylindrical pinch switch similar to that used in the previous
pinch-orifice configuration. However, space limitations be-
hind the arc chamber due to the necessity for the large shock

A YO

h e bt

%Jl.\.u--«a_.. TN



37

 tube and small injector lengths'have dictated that the switch
not be coaxlal to the discharge chamber but 1nstead be mounted
in series with the hot lead off the capac;tor bank outslde
the environmental tank. This new switch and the medified gas
 injection system will first be tried with a familiar flat
 .cathode configuration as in the pzncr—orlflce experlments.
Aft 2r proper operatlon and sequencing of the switch has been -

. -.'l " verified, the geometry will be altered to one with a shaped

cathode for better s;mulatlon of the MPD arc.
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IV, .LONG-PULSE PCWER SUPPLY ANALYSTS
(Clark, Eckbreth, Wilbur)

In the past several months, experiments in both
the parallel-plate geometry and in the gquasi-steady coaxial
exhaust configuration, for reasons discussed_in Secs. II1
and III, have migrated toward longer pulse times and a con-
sequent decrease in current amplitude. Figure 20, which
shows the present capability of the capacitor line in terms
of flattop current amplitude vs. half-cycle times, indicates
that for pulses of adeguate length to insure gasdynam@c
stabilization, say > 250 psec, currents are restricted to
amplitudes below 10,000 amps. This limitation to lower cur-
rents may unnecessarily restrict or prejudice future expef—
imental studies for the following reasons:

1. Since the electromagnetic force scales with the
square of the current, low amplitude currents predicate
weaker driving forces relative to pressure and viscous forces.
Thus, current pulses long enough tc allow observation of the
complete transition process from a “snowplowing" mcde to a
*blowing" mode may not provide sufficient current amplitude
to display sharply the fundamental features of the transition
itself.

2. MPD simulaticn experiments should be able to in-
vestigate arc behavior, acceleration mechanisms, and thrust
efficiency over an instantaneous power range from some 100 kw

(current =~ 103

amps) up to about 100 mw (current‘=$105 amps) ,
i.e., the range from present steady state self-field thrusters
up to the optimum levels for primary manned-planetary pro-

pulsion.

3. Investigatién of the quasi-steady pulse mode as
an optimum thrust technique will require arbitrarily long
pulses over a wide range of discharge currents. E

Numerous schemes are available for providing these
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long duration, high-current pdlses, each with its own ad-
vantages and disadvantages. - For example, simply adding .
more capacitors is an obvious solution, but space, weight,
cost and versatility must be considered carefully before
such an approach is taken. Other possible solutions in-
clude: a pulse transformer between the capacitor bank and
the plasma source which would increase the current for a
given length pulse; a large collection of batteries which,
by various series and parallel arrangements, would provide
a wide spectrum of input power opportunities; an inductive
storage facility; and the conversion of Kinetic energy stored
in rotating machinery into electrical energy by an appro-

priate generator.

As an initial step toward examining the feasibility
of there different techniques and the eventual selection of
one, analytical experierce gained from related studies has
been used to provide a preliminary look at the pulse trans-
former problem. The effect of a pulse transformer in a cir-
cuit consisting of a pulse~forming network and a load such
as a stabilized current sheet in a high-current dischaxge
apparatus can be investigated in terms of the following

model:

:Rs 'R :Lz R,
A i .=
S T 43, _

|

L L c
L. ! Bé P 2

— — o =n v =,

L_......;._..h\P

ulse tranasformer



- 41

where 2 = load impedance (real)
L_ = load inductance

R_= resistance of the seccndary side of
the transformer

L_ = self inductance of the secondary side
8 of the transformer

R_ = resistance of the primary side of
p the transformer

L_ = self inductance of the primary side

P of the transformer

R2 = resistance of the first inductor in the pulse-
forming network (includes switch resistance)

L2.= inductance of the first inductor in the
network (includes switch inductance)

C2 = capacitance of the first capacitor in the
network

Ri = resistance of the ith element of the network

Li = inductance of the ith element of the network

Ci = capacitance of the ith element of the network

For illustration, this model is applied to the parallel-plate
accelerator where the values of the load impedance and the
load inductance are determined from the dynamics of the cur-
rent sheet as expressed by the snowplow equation. After the
current sheet reaches a prescribed stabilization nosition,
experimentally observed impedances, 2, are specified as a
function of the current flowing through the lcad.

The basic equations governing the above system are:
for the lst loop

al - 4al .
—2 i § -
M Ty (Ls + Lz) 3t + Il(z + Rs) - (4-1)

for the 2nd loop

ar, Q@ ' - az .
—r o -2 —2 .
M3 " T, + I, (R, + Rb) + (L, + Lp)_¢t (4-2)
and - )
sz _ ' ) _



42
for the ith loop
R ar, e, Q.. T
i R S fo T - _
Lyde ¢, "¢, " ®™Iyoo o (48
: i i-1 . A
anc
do, - o
i _
de = it Iia (4-5)

where Q. = charge on capacitor C
i i .
M = mutual inductance of the transformer = k /stp

where k is the transformer coupling coefficient, and
casentially expresses the degree te which magnetic flux gen-
erated by one coil of the transformer is linked to the other
coil. %k can be as high as 0.98 for an iron core transformer
and will be somewhat lower for an air core unit.

This system of 2n-1 ordinary differential equations
is combined and solved on the IBM 7C94 computer using the
Runge-~-Kutta technique. Several preliminary computer runs
have huen made using the existing pulse-forming network in

a configuration which provides a pulse approximately 600 psec'
Jong. The effect of the transformer coupling coefficient and

secondary self inductance for a transformer turns ratio of
10 is illustrated in'the current pulses shown in Fig. 21l.

In comparing this fzgure with Fig. 29, it is seen

.that the computer -8olution predicts a discharge current about

seven times greater than the amount experzmentallg supplled
by the capacztor bank for the saue Length pulse, i.e., the
current delivered to the primary of the 1C/1 transformer is

'ilesa than the value that would be delivered to the ‘discharge o

if no transformer were in *ho circuit. This feature is due

to the injitial bank voltage being .fixed and the total imped~- =
. ance in the primary circu1t being greater with the trans-

- former than without it. ‘It is also cbvious from the figure
that k plays a very important role in determining the pulse
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rise time and protraction. Finally, it should be noted-
that there is a droop in the flattop portion of the current
pulse, regardless of the value of k. This droop is caused

L
by the decay time constant (7 = -2} ) in the secondary cir-

cuit which is 6 msec for all cases studied except one where.
it is half that value.

A series of preliminary investigation like that
above serves to provide insight into overall dependenciss
of key parameters and as such provide useful guidelines for
subsequent investigation. In the future, this initial study
phase will be expanded and other candidate power supplies
similarly examined in order to select the method most com-
patible with design require.ents.
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V.. OPTIMUM ENERGY" TRANSFER FROM LOW IMPEDANCE PULSE
- NETWORKS TO AZCELERATING . PLASMAS (Wllbur)

_ This effort is intended to nge a better ‘under-
"atanding of the conditions under vhich a high energy

power supply, such &s & capacitor bank or transmission
iino, will transfer its energy to an accelerating plaéma
with optimum eff’ciency. The work consists of four re-.
lated studies: (1) design and development of low impedance
capacitors suitable for simple assembly into pulse line
configurations; (2) experimental determination of the de-
tailed capacitor characteristica; (3) experimental investi-
gaticn of the conditionc for optimum transfer of energy;
and (4) development of analytical techniques to support the
experimental studies. :

The first phase of the capacitor design and devel-
opment was completed with delivery of 12 capacitor unite '
. from the manufacturer (Corson Electric Manufacturing Corp.).
In order to detarmine the capacitor characteristics under
operational conditionas, the units have been arranged in a
simple ladder network configuration and discharged through
a resistance equal to the characteristic impedance of the
network. The signatures of voltage across, and current '
through, the resistance are tlen used to synthesize the cir-
cuit which produced them. In previous semi-annv .l reports
[47,48) data presented were based on the aasumption_that
the capacitor units were sections of transm. sion lines and
the equations describing a transmission line were used in
the mathematical description of the circuit. Recently it
" was found that while this was a qualitatively instructive
approach, a more accurate description of the driving net-

" work could be formulated in terms of the LC ladder network -
. shown schematically on the following page.
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resistance of the jth connector
inductance of the ith connector
= capacitance of the ith capacitor unit

b
-
L]

where

t
L]

0
e

= resistive load
R, , L; include the switch resistance
and inductance

The 2n ordinary differential equations describing
the above network can be solved simultaneously on the com-
putar to yield the current and voltage waveforms desired for
comparison with the experimental aignaturqs. Experimental
results taken with tho capacitors in various arrangements
agree best with the theoretical model when the average ca-
pacitor has a negligibie resistance, an inductarnce of 7.5
nanochenries, and a capacitance of 6.35 microfarads, which
are acceptabiy close to the separately meazured values of
7.0 nanohenries and 6.5 pfd. The agreement between the theo-
retical model and the experimental results are illustrated
for one typical case in Fig. 22. The pulse length ( 7 ) pro-
duced by the configuration employed {one line of five units)
is also defined in this figure,.

r*he LC ladder network model of the capacitor units,
which was found ¢ give the best qorrelution with experi-
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mental results for the case of a reulstive load,_has also :
been 1ncorporated into the computer program describing the
‘pulse network dr1v1ng the plnch ‘discharge. This analysis
‘also includes_an energy balance, - Figure 23 shows how eneryy
transferred to the plasma from the-LC ladder network varies. .
with the length of pulse produced by the network for the case .
' of 100 microns of argon in tae 8" pinch chamber.  The pulse
length is proportional to the number of elements in the

ladder network and Fig. 23 is based on a power supply con-
sisting of two ladder networks composed cf 6.35 pfd, 7.5 nano=-
henry elements connected in parallel (0.017 ohm impedance
network) . Eo is the initial energy stored in the capacitors
as determined from the initial voltage on the units. The
pulse length is normalized by a characteristic time in the
piasma acceleration profile, 7;. ., and the kinetic energy of
the plasma sheet is evaluated at this time. In an actual
thruster the appropriate 7;j would be the time of ejection
of the plasma, decermined by the length of the thruster, but
for the case of the closed chamber pinch geometry considered
here, the plasma is considered "ejected" when the sheet reaches
a 1" radius. One inch was selected because accurate experi-
mental investigation is difficult at lesser radii and yet the
acceleration process should be allowed to develop over as
large a distance as possible in order to prevent the initi-
ation effects from dominating the behavior of the system."

Figure 23 shows that for a current pulse longer than
the "ejection" time, the efficiency of energy transfer is
less than optimal. This is because there is energy left in
the pulse network and in the magnetic fields associated with

.the'discharge when "ejection" occurs, As the pulse length.

.is decreased, less enexgy is left in the network and the mag-
~netic tie;db at 7;j and the efficiency (KE/Eo)ej'begina to
~increase. As the pulse length is decreased further, the

sheet accelerates less vigorously at the end of the pulse

when the current ie-decayihg. This causes the average
1mpodlnco'o£ the discharge to be less than in the case of the
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.longer pulses and the impedance hismatch between the line
and the discharge becomes sufficiently great: to cause a
large fraction of the initial energy in the pulse network
to be retained as reverse voltage on the capacitors. Aas
this effect becomes more dominant, the efficiency decays.
For very short pulses a secondary peak in efficiency is ob-

. served because of additional energy removal from the line

during the second half cycle of the current pulse, The
gecondary peak is not as high as the primary one because
short pulses imply a decelerating current sheet over most
of the discharge and such sheets gustain greater energy
losses to the thermal modes of the plasma as pointed out in
Ref. [22].

Figure 24a shows theoretical curves similar to thé
one shown in Fig. 23 for the cases of 2, 3, 4, and 8 net-
works paralleled (17, 11, 8.5, and 4.25 milliohm lines).

From this figure one can see the effect of the characteristic

impédance of the LC ladder networks on the efficiency of

energy transfer. As the pulse network impedance is decreased,
the peak efficiency realized increases until the impedance of

the network (ZL) is about half of the average discharge im-
pedance (ZD). Further decreases in the line impedance tend
to produce negligible changes in the peak efficiency.

Figure 24b contains the experimentally observed re-
sults for the case of 100 microns of argon which corresponds
to the theoretical results of Fig. 24a. The kinetic energy
data used is obtained in the fcllowing manner: (1) Current
sheet trajectories are deterimined from magnetic field probe
records at 2.5", 1.5%, and 0.5" radii. (2) Froém these data,
sheet velocities and ejection times are determined. (3) Ki-
netic energies are calculated from these velocities assuming
that the sheat collects all of the mass it encounters . in the

"discharge chamber.

. The qualitative agreement between the experimental
and theoretical results is reasonably good. HNotice, however,
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that the experimental‘results show a peaking of efficiency

as a function of network iimpedance that is not observed in
the theoretical results. Also, the measured efficiencies

are roughly half of those predicted‘theoretiénlly. These
lower experimental kinetic energies are a result of lower
current sheet velocities and detailed analysis of the mag-
netic probe records indicates that lower velocity occurs be-
cause all of the discharge current is not flowing in the thin
current sheet assumed in the model. Although all of the cur-
rent initially flows in a thin region when it is at the out-
side wall, there is a diffuse current pattern re.eased benind
the sheet as it drives inward toward the pinch configuration.
This diffuse “"trailing" current seems to remain stationary,
and theoretically it should continue to add energy to the
plasma through 1 ﬁ'x B "blowing" action. In fact, it may be
that a large fraction of the gas acceleration is accomplished
in the region behind the current sheet in a more efficient
manner than the snowplow model would predict.

The fact that all of the current is not flowing
through a well~defined current sheet is manifested in several
other ways experimentally. For example, Fig. 25a ia an osnil=-
logram showing the current waveform for four networks of three
capacitors driving a discharge in 100 microns of argon. After
the initial current rise, one sees a tendency of the current
to continue to rise at a lesser slope, whereas the theoretical
analysis predicts that the current decay after the initial
rise time because of the iicreasing impedance associated with
the accelerating current sheet. The fact that the total cur-
rent continued to rise indicates that current paths are being
established at locations other than through the main current
sheet, thereby reducing the net impedance and the coupling
between the external circuit and the current sheet. Figure.
25b is an oscillogram of the current waveform for tho same
four networks of tihiree capacitors driving a discharge in 2 mm
of hydrogen (2 rnm of hydregen proeduces the same mass density
&s 100 p argon). Here the current waveform does beshave as
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the theoretical model predicts it should. chus indicating a
much closer coupling between the current sheet and external

" eircuit. Indeed, the efficiencies observed in hydrogen are

in rather good agreement with those predicted theoretically
for the resistance and inductance existing in the laboratory
situation, but the experimental errors involved in measuring

- the velocities in hydrogen are significantly larger than

those in argon.

In closing, it should be pointed out that no attempt
has been made to achieve ultimate efficiencies in this work.
Rathar, the objective has been to gain a better understand-
ing of the mechanisms involved by devising a model that will
provide insight into the experimental observations. There
are large loases associated with the switch used in thesge
experiments which could pcssibly be reduced., If the switch
losses could be eliminated with no corresponding deterioration
in the performance of the accelerator, efficiencies in excess
of 50 percent are predicted by the theoretical model,

Additienal studies on this problem of efficient
energy tranafer using different gases, gas pressures, and
initial line voltages have also been conducted during this
period. A more complete presentation of this work will be
given in a forthcoming Ph,D, thesis,
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VI. PRESSURE MEASUREMENTS  IN CLOSED
‘ CHAMBER DISCHARGES (York)

Several aspacts of the continuing prégram to map
accurately the gas pressure profile through a propagating -
current sheet have been pursued during the prezent report-
ing pericd, apecifically: the probe-discharge interaction
has been studjed in detail; precise pressure, magnetic field,
and electric field data has been compiled for the specific
axperimental conditions of interest; and these data have
been analyzed from a combined electrodynamic and gasdynamic
point of view,

A previcus report [51] mentioned the profiles of lu-
minosity which appaar about a probe immersed in a current
sheet. In an stiempt to distinguish more carefully the
sources of such luminosity, simultanecus data of luminosity
and ﬁe ware tuken at 100 p argon in the 8" pinch chamber
driven by the pulse-forming network. Kerr-cell photographs
were taken with both radial and axial perspective of the probe
in the chamter (Fig. 26) and compazed with magnetic probe re-
sponses at the same instant of erposure. From such data it
can be concluded that the discharge luminosity occurs in re-
gions of high-current denasity. Reference to the catalogue
of pressure probe responses then indicates that the position
of the pressure discontinuity associated with a current sneet
is cloase to the trailing edge of the luminosity profile. This
result sesms to be consistent with certain calculations now in
progress basaé on a gasdynamic flow field induced by a some-
what leaky piston that axceeds the estimated eacape speed of
the ambient gas.

The detailed probing of the current shaet has been
carried ot using magnetic, electric, and pressure probes
vwith care being taken tc insure compatibility of the probing
techniques. For example, in order to evaluate and eliminate
all extranocous signals from the pressure probes, a null cir-
cuit has been devised by inserting a layer of insulating tape

i i s ot 020 et kil i s o R
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(mylar, 1 mil) between the silver paint and the crystal.
In order to achieve the observed null response, it is found
that the thickness of silver paint is critical.

To determine the most satisfactory gasdynamic con-
figuration for the pressure proha, simultaneous data of
pregsure and ﬁg has been taken while varying the geometry
of a "flow isclator" which shrouds the probe barrel. - Typical
results of these changes can be seen in Fig, 27, where it is
evident that the presence of such an isolator distorts the
current shex!: profile much more than it improves the pressure
response. Hence, it has been concluded that probes without
isolators yield the minimum distortion of the propagating
current sheet characteristics they are to determine.

A double electric probe of the ball and ring type
with the electrodes embedded in a conical shape has baen
added as an additional diagnostic of the current sheet in-
terior. Both the E and B probe circuits are designed to have
satisfactory frequency response for this application and are
calibrated using standard techniques. Also, it is found use-
ful to record voltage signatures across the electrodes and
acrcas the current sheet by standard inner and outer di-
viders [43]).

In the detailed surveys, current sheet data are re-~
corded primarily on the interelactrode midplane at several
radii; at a given point of interest, data are collected dur-
lﬁg three different discharges, with the common éo signal
used for time reference and comparison. Two internal probes
(one axial, one radial) separated by a'30° cylindrical angle
are used during any given experiment. The discharge is ex-
amined for symmetry and the probe positions then reversed to
guarantee the time correlation of the data. Typical results,
including magnetic and electric probe responses, and the re-"
sponses of the pressure sensor when facing radially outward,
axially toward the anode, and axially toward the cathode, re-
spectively, all suitably adjusted to compensate for current
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:iheef.&rriVal differénces, are presented in Fig. 28. _it'is"
evident from the data generally, but perhaps most clearly

on the pressure data, that there apbear to be three_differént:-
gcnes of current sheet structure. Zone I is notable as a re-

gion of current concentration with,only'wéqk but symmetric
- pressvre response; Zone Il is typified by strong but asym-
metric pressure response; Zone III is evidently 2 région.of
small current density but finite pressure and field values.

Analysis of the pressure probs response presented a-
bove and its relationship to the other properties within the
shaet is currently in progress. Briefly, the most important
effects under consideration are those of shock wave, boundary
leyer, and electrostatjc sheath interactions with the probe
surface. This analytical formulation will be presented in
entirety in a forthcoming Ph.D. thesis. '
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VII. ELECTRODE-SIZE EFFECTS ON DISCHARGE VOLTAGE
. (Oberth)

In the past several reports we have presented evi-
denci: of certain peculiarities in the discharge structure
near the anode surface. In brief, i£ has been found that
the current sheet attaches to thc anode in the form of a
broad, diffuse foot. Under certain circumstances this anode
foot may divide into two, or more, regions of higl.-current
density which then follow each other in the direction o. the
main sheet propagation. The extent of the anode disturbance
from the surface depends primarily on the driving current
waveform and may, in fact, reach as far as the chamber mid-

plane.

"f.e most recent experimental work has attempted to
study the relationship between this anode foot and the re-
sistive voltage drop along the current sheet. .t is reason-
able to expect that the anode foot involves certain dissi-
pative processes, and since the resistive voltage drop along
the sheet is &n obvious index of energy lcss, we may scek
some correlation between the anode foot size and this re-
pistive voltage drop.

For this purpose, closed chamber pinch discharges
were monitcocred with an inner voltage divicder constructed of
an insulated metal rod inserted across the clramber electrodes
to complete a circuit of which the current sheet i3 part. The
relevance of the current sheet anode attachment in deter-
mining the resistive voltage drop was assessed by a tech-
nique of selective 2lectrode insulation. Namely, the 8" di-
ameter vi:ich eslectrodes were insulated by attaching to them
two circular layers of 0.005" mylar, of diameter 4", 6", and
7%, respectively (Fig. 29). The inner divider circuit was

completed by driving the insulated rod through the insulation

and into the me;al electrode. In one sequence ¢f measu-ements
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. an electrode with a 6" diameter'glass center section was _ .
used to provide the desired insulation. ) ‘

Voltage signatures obtained from discharges in these ,' i
modified chambera were found to be evtremely sensitive to the ‘
surface condition of the exposed electrode area, and it was
found necessary to clean the electrodes very frequently, and S
to compare data only from a series of consecutive discharges,
to minimize the influence of this factor.

Figure 30 shows a series of oscillograms of driving
current waveforms and inner divider voltage signatures for
the cases where 7" diameter mylar covered, alternatively,
major portions of the anode, the cathode, and both electrodes. f_;
The quoted voltage readings wele taken at the time of maximum _
driving current, 310,000 amperes. The voltages ave seen to é
increase in the ordcr: both electrodes uninsulated; cathode é
only insulated; anode only insulatcd; both insulated, where -
it is the anode insulation which causes the most significant
change, ;

A more complete collection of data is displayed in
Pig. 31 which shows how the relative crea of electrode insu-
lation affects the current sheet resistive voltage drop. The L
voltage drops are found to increase with larger fractions of : j
electrode insulation, and anode insulation is found to cause !
consicderably higher voltage readings than cathode insulation. ;
All of the data points were taken for current sheets propa- - -
gating in 100 p argon, driven by a 3.8 psec current pulse of '
310,000 amp maximum; two of the data points refer to the case
where glass insulation is used in place of mylar, but these
points agree well with the rest of the data,

PRI

Pigure 32 displays how the resistive voltage drops
depend upon the initial chamber pressure. ' This dependence _ : -2
‘although measurable, is not severe enough to obscure the elec-
trode area effect of major intereat here, and once again anode
insulation is seen to cause consistently and markedly higher
voltage readings than does similar cathode insulation.:
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As a tentative intexpfetation.of these obsatvations;.
we suggest. the following hypothqsis:' The broad and diffuse

- anode foot structure is a manifestation of aome'fundamental'f-

change in the curvent conduction p:ocesa_frdm that prevailing

“in the narrow, intense current sheet which-éxints“fqrther'

from the éloctfodé surface. Whltever.this anode foct conduc-:
tion mechanism may be, it requires a much larger discharge : T
cross section to maintairn comparable conductance to that of

_ the main portion of the sheet. Partial insulation of the

anode surface interferes with this broad attachment, and

since the discharge current is esseﬁtially-fixed by the exter-~
nal circuit, precipitates an increased voltage drep across the
anode foot, and hence across the entire discharge path.

Anode pheriomena such 2s these can have relevance to
the observed large thermal iorses'associated'with needless
heating of the anode in MPD and other steady plasma thrusters.
Better understanding of anode meci.aanisms may permit some re-
duction in these large thermal loases. For example, the a- -
bove preliminary results suggest that anode losses might be
reduced simply by using larger anode surface areas, thereby
decr- "aing the resistive voltage drop essociated witih the
diffuse anode attachmeni portion of the discharge. This
possibility will be studied in future work.
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VIII. GAS LASER INTERFEROMETRY OF CLOSED
CHAMBER DISCHARGES (Bruckner) '

The previbus report  [51} ﬁreaented some preliminary
interferometric measurements of time dependent electron con-
centrations in a 150 B argoh pinch discharge. At that time
two major areas of difficulty were pointed out: (1) the lack
of good reproducibility in the interferometric fringe se-
guencesg, and (2) the problem of determining unambiguously the
sign of the temporal gradients in electron density.

The search for initial chamber conditions leading to
reasonable reproducibility has been continued. Some inter-
esting data were obtained at 100 p initial argon pressure and
R/'R° = 0,%5. Two representative interferograms are shown in
Pig. 33a,b. In each case the top trace represents the total
current through the discharge and the bottom trace is the
fringe seguence. Figure 33c shows the time history of the
discharge luminosity which must, of course, be kept much
smaller than the laser intensity. The corresponding time rxe-
solived electron density prcfiles are shown in Fig. 34. For
comparison, Fig. 35 presents the 150 p results previously
reported [51]. '

Note that the profiles for the 100 p case begin ear-
lier and show a sharper rise to about the same maximum value
as for the 150 p initial pressure. The better quality of the
fringes in the 100 p case perﬁit resolution of the inception
of a "tail" in the density distribution. This supports pre-~
vicus indications that the current sheet does not sweep up |
all the mass it overtakes. At the initial pressures of 100 p
and 150 p the ambient particle densities are respectively
about 3 x 1015 and 4.5 x :l'Olscm“"3
ing complete single ionization, It eppears that the current
sheet has compressed the overrun gas by factors of about 25

at roum temperature. Assum-

and 17, respectively.
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Good fringe reproducibility remained a problem, how-
ever. An examination of axial Kerr-cell photographs of dis-
charges in the 8" device under study revealed what may well
be the source of this difficulty. Figuré 36 shows three such
photographs, all taken at approximately the same time after
discharge initiation. Note the existence of a large azimuth-
al disturbance in the current sheet. In each case it occurs
at different angular positions. <Jllearly, the electron con-
centration through this region, or its neighborhood, could
exhibit characteristics different from that through the "nom-

inal™ régions of the sheet.

In the hope of relieving this problem, the 8" device
was reduced in size by the insertion of a 4" diameter cylin-
drical Pyrex insulator. 'This technique has been described in
detail in one of our earlier reports [12]. The essence of
the modification is that the discharge is greatly intensified,
with the current sheet traversing the radius ¢f the chamber’
before the external driving current has had a chance to re-
verse and cause secondary breakdowns. It was hoped that the
increased rapidity of the process would preclude the develop-
ment of the asymmetric disturbance in the current sheet. How-
ever, the intense luminosity of these sheets was greater than
the maximum laser intensity, at the ph. .umultiplier. &8 a re-
sult, the fringes in the laser beam were swamped by the dis-

charge radiation, making electron density measurements impos-

sible, A simple solution to this problem would be the use of
a more powerful laser, one with an output at least an order of
magnitude above the 0.3 mw available from the present instru-

ment.

Another problem arising in our studies is that the
number of fringes produced in the interferometer as the cur-
rent sheet sweeps by is low (of the order of four or five).
In other words, the optical length of the plasma changes
" 1little through the current sheet. This is partially due to
the fact that the physical length of the plasma under obser-
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vation is only about 5 cm to'begin'with. This makes trans-
lation of the fringes to density profiles subject to l&rge
possible errors. One solution is to increase the probing
wavelength. Since the present diagnostics have been carried
out at a wavelength of 63282, (He — Ne laser) in order to in-
crease significantly the number of nbserved fringes, we would
have to operate in the infrared region of the spectrum. This

would, of course, present the usual problems of infrared optics

and detection.

Operations in the infrared may not be required, how-
ever. The original application of the laser interferometer
to the pinch discharge was intended as a test of feasibility.
The ultimate aim of the program is to provide diagnostic ser-
vice for the more propulsion-oriented devices in our labora-
tory, such as the rparallel-plate accelerator or the MPD arc
simulator in the large vacuum facility. In these devices the
optical length of the plasma under observation is significantly
greater than in the opinch devices, and operations in the visi-

ble part of the spectrum should be adeguate.
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IX. ' EXPERIMENTAL STUDIES OF THE" DOUBIE-FIDATING _
a np ELECTRIC pnoazs (Turchl)

Double-floatlng tlp electric probes have been used
in the study of pulsed plasma dlscharges to prov1de infor-

" mation on the distribution of electrostatic fields w1th1n

the plasma and on the corresponding electric field energies
present in such discharges, particularly in the current
sheets [42,51]. Inherent in the use of such double probes
for electric field diagnostics are assumptions on the con-
stancy of the field over the probe tip separation, and on

the nature of the interaction between the probe and the plasma -

flow, i.e., on the disturbance the probe introduces into its

-.qeapurable.

For discharges cf propulsion irterest, thé probe-
plasma interaction is simplified in one sense, in that the
electron energies are typically much less than the electro-
magnetic field energies characterizing the plasma acceleration
process. Thus, for the floating probe case, we may neglect
to first order differences in probe sheath voltages compared
with the differenceg in plasma potential within the discharge.
On the other hand, the plasmadynamic interaction of a high
velocity, unsteady discharge with two probe tips and their
support structure introduces major complications on the in-
terpretatlon of the probe responses in such environments.

" The purpose of this program is to examine systemat-~
ically the validity of some of the common assumptions on field
constancy and plasmadynamic interactions normally imposed on
electrxc probe diagnostics of this type. To facilitate these
studies, a variable gap probe was designed in a conflguratlon
to minimize signal distortions from plasmadynamlc and elec-
tromagnetic interactions with the probe tips and thexr support
structure. This probe employs two quasi-sphérical electrode
tips of oqual_size, maintained well away from the probe support
by wires insulated with a thin coating of epoxy'(?ig. 37).
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A traveling vacuum sez2) allows continuous variation of the
pfobe tip separation over several centimeters. Initial tests
with this probe displayed adequate null signals for zero tip
separation and symmetric signal reversal with tip reversal.
Magnetic flux pickup was eliminated by maintaining the probe
tips in the plane of the magnetic field lines. '

The first series of experiments with this pro%e in-
vestigated the variation of apparent electric field in a pinch
discharge current sheet with probe tip separation. For a se-
quence of probe tip separations, the response was first ob-
served with the probe tips in the plane of the magnetic field
lines to prevent é pickup, and then repeated with the probe
rotated 180° as a check. Each experiment was also repeated
with the position of the tips rcversed. The results are
cshown in Fig. 38. We see that the radial electric field com-
puted on the basis of voltage difference divided by probe tip
separation decreases as the tip separation is increased, in-
dicating that the plasma potential experiences:its major change
over distances at least as small asz 1 mm. Thus any electric
probe studies on such a current sheet should use a probe of
very small gap indeed, or a more tedious procedure must be
employed of mapping the plasma potential vs. local radial
position around the point considered with one probe tip, while
the other tip is at a fixed porition nearby. Then, the re-
sulting plot may be graphically differentiated to obtain the
local electric field.

In a second series of experiments designed to illumi-
nate some aspects of the flow disturbance problem, various
obstacles were placed at the probe tip to impede the flow of
plasma and its electric currents. The first set of experi-
ments used a tubular sleeve of mylar tape which extended a-
head of the probe support (Fig., 3%9a). Tests were made for
various lengths of the sleeve and the results are shown in
Fig. 40 as a function of the length of the obstacle beyond
the probe support. One might question whether this effect
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--is'dué to plasma cooling by the ebstacle,.to some meehanieal

interaction between the stagnating'flow'and the electromag--

- netic field, or to the 1nterruptlon of the current density

_-near the probe tips.

To pursue thzs point, we sought to separate the elec-

: tromagnetic and gasdynamic 1nteractlons by use of sets of
" mylar vanes protrudlng beyond the probe (Figs. 39b,c). One

set of vanes was aligned noimal to the (axjal) current vector
80 as to have maximum effect in cutting off the flow of axial

"current density near the prote tips, while still allowing the

plasma to flow past the prnbe in nearly the usual manner. The
results of such experiments with various length vanes are
shown in Fig, 40. Note that the effects are comparable to
those of the sleeve experiments.

_ To check on the effects of the vanes on the probe re-
sponse when the current density is not Qfeatly'altered, the
vanes were aligned parallel to the axial current. The results
are also shown in Fig. 40. The disturbance is seen to be much
smaller, It appears, then, that obstacles near the probe tips
can have substantial effects on the probe response by dis-
turbing the local current density patterns. The nature of

hWis disturbance may be explored in the following simple model.

From a previcus maghetogasdynamic analysis [51], we
have that the radial electric field is essentially related to
the axial current density via: -
| 3 - | .
E, = %o R 25 )

e
r e

2
[+¥}

that is, the radial electric field is pr0portiena1 to the”

Lorentz force density acting in the discharge. Thus, if the

~ local axial current density is diminished, the local radial

electric field also decrease. The approach of our model is

. to explain such a decrease in terms of the increased length

of the current conduction pzths near the probe tips, forced

by the obstacles. In Fig. 41 we show simp;ified current paths
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near the probe tips. We assume that the plasma properﬁies

do not change greatly because of cooling or recombination '
effects, etc., near the insulator vanes and that the mag—:”
netic field, which is generated by the entire discharge cur-.’
rent pattern, is not seriously affected and is approximately
consthnt. Since the potential difference across any path
5étkeen the vane edges is the same for all paths, the current
carried*by each path is inversely proportional to its length,
l(r).- Thus, the current density at any position between the
probe tips is inversely proportional to the length of the paths
through that position. In other words, the voltage difference
between the probe tips may be expressed:

Ar Ar
iB
= _dar -
v F_e dr oc ) (9-2)
o o]

Equation (9-2) may be integrated to a detailed expression
For the fractional decrease in measured voltage, which to a
firast approximation in the range Af < Ar becomes simply:

1 — v, = oL (9-3)

where Vb would be the measured value in the absence of any
vanes.

This relation is also plotted in Fig. 40. Its quali-
tative agreement with the experimental results for the hori-
zontal vanes suggests some validity for the concept of diffused
currert density as the cause of electric field weakening. The
additional observed decrement of the voltage may be indicative
of increased resistivity due to plasma cooling, an effect
which would also explain the effect obtained with the vertical
vanes.

A different sort of obstacle experiment was used to
compare the results obtained by our present probe with those
from conventional coaxial prokes consisting of a hemispherical
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 centét-électrodé_aa6 a ring outer electrode separated by

an insulating cone. In our experiments, a nylon cone in-

'sert was placed over the inner probe tip, with the outer
: t1p restlng in a groove ‘and exposed ‘at the base of cone -
f(Flg. 39d). With the probe t1ps again aligned 1n the plane-

of the magnet;c field llnes, several experiments were made

'with this arrangement, some results of which are shown in
Fig. 42, along with the results of previous work w1th a

coaxial probe. Also shown for comparison is the result of
our present probe at the same tip separétibn, but without

the nylon cone insert. Note that, while the results with

the insulation cones agjree rather well, they both disagree
with the new probe result by about a factor of two. In light
of our previous obstacle experiments, this calls into question

electric probe measurements performed with insulator cone tips.

In fact, we may apply our geométric model to the conical ob-
stacle effect and obtain that the ratio of signals with and
without the cone should be 2/ &2 0.63, in fairly good agree-~
ment with the experiment. | '

This line of research will be continued in the near
future to explore the effeocts of probe tip area, relative
flow direction, and external circuitry on the response of
double-floating tip electric ptobes. It is hoped that these
studies will provide us with the means of developing more
reliable diagnostic tools for the measurement of internal.
electric fields. “he microstructure of the plasma discharge
anl the physical processes by which it accelerates ionized
gas are directly connected with the electric field distri-

'_bution in the plasma. Thus,'accurate electric field measure-
. ments are critically impcrtant to our understandlng of the
pr0puls1on capabilities of pulsed plaama dxscharges.
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